necessarily; see Ref. 71) inhibiting cellular excitability in many cells types such as neurons, endocrine cells, and muscle cells. In other cells, such as solute-transporting epithelial cells in kidney, transport of K ϩ through these high-conductance channels (Ն100 pS, depending on K ϩ concentrations) itself is the physiological outcome. Physiological and pathophysiological contributions made by BK channels have been inferred by using pharmacological activators and inhibitors targeting BK channels and also by using mice with genetically altered BK channel complexes. Such studies have uncovered numerous but specific functional roles played by BK channels. For example, in some neurons, activation of BK channels contributes to fast after-hyperpolarization (100, 137), regulation of action potential firing frequency (47), and neurotransmitter release (60, 61). In smooth muscle cells, opening of BK channels promotes muscle relaxation (103), acting to protect against vascular hypertension (41, 102). Furthermore, neurovascular coupling to maintain proper cerebral circulation also involves BK channels (34). In endocrine and exocrine cells, BK channels control hormone release (117). Other physiological phenomena involving BK channels include skeletal muscle fatigue (75, 155) , regulation of circadian rhythm (96), ethanol tolerance (27), and nociception (48). As expected from these diverse roles, a variety of pathological consequences may arise from BK channel dysfunction, including erectile dysfunction (166) , incontinence (166) , hypertension (18, 43), epilepsy (32), dyskinesia (32), seizure (16), asthma (136) , and possibly obesity (68). Consequently, pharmaceutical agents targeting BK channels may prove therapeutically useful (33, 101). Undoubtedly, many more physiological and pathophysiological processes that critically depend on BK channels should be revealed in the near future.
The wide array of functions served by BK channels is made possible by their structural and functional diversity conferred by multiple mechanisms. For example, although only one gene codes for the pore-forming subunit (KCNMA1, Slo1), its transcript is extensively spliced to create a vastly large number of variant polypeptides (1, 36, 40, 141) . Nearly 1,000 distinct full-length polypeptides may be theoretically available to form tetrameric BK channels in mice (125) . Coassembly with the auxiliary subunits ␤1, ␤2, ␤3, ␤4, and leucine-rich repeat-containing proteins (LRRCs; ␥ subunits) also increases functional diversity by altering the channel's apparent sensitivity to Ca 2ϩ and V m as well as their kinetic properties including activation, deactivation, and in some cases conferring inactivation (11, 17, 156, 161, 165, 170, 176, 177) . Participation in formation of macromolecular complexes with other signaling and ion channel proteins and posttranslational modifications including phosphorylation, oxidation, and palmitoylation further expand the BK channel's functional repertoire (13, 79, 81, 135) .
Central to the remarkable functional versatility of the BK channel is its allosteric activation involving Ca 2ϩ and membrane depolarization as the primary physiological activators (121). Here, we will summarize recent advances in our understanding of how the BK channel transduces Ca 2ϩ and voltage signals into opening of the ion conduction gate to regulate K ϩ flux. The collective effort of many investigators utilizing different but complementary approaches has resulted in a clearer imagery of how membrane depolarization and intracellular Ca 2ϩ activate the BK channel. However, despite the availability of atomic structures of some regions of the channel, the picture is not yet crystal clear, and it lacks information on the dynamics of the structural rearrangements underlying BK channel operation and regulation by membrane potential, Ca 2ϩ
, and other signaling molecules. Additional efforts are clearly required to reveal the conformational dynamics of the channel to better understand the atomic and molecular bases of their function and regulation in health and disease.
Allosteric Activation by Ca 2؉ and Membrane Depolarization
Perhaps the most defining feature of the BK channel is its dualistic mechanism of activation involving Ca 2ϩ and membrane depolarization. This is in contrast with small/intermediate-conductance Ca 2ϩ -dependent K ϩ (SK and IK) channels, which use a distinct Ca 2ϩ -dependent activation mechanism involving calmodulin (CaM) with little voltage dependence (89, 127).
Early single-channel studies on native BK channels revealed the presence of multiple kinetically distinguishable closed and open states, and their dependence on Ca 2ϩ (10, 87, 91-93, 97, 110, 143). The observation that depolarization in the virtual absence of Ca 2ϩ robustly activates BK channels (30, 109, 126) in part led to the idea that the activation mechanism of the BK channel is allosteric in nature (28, 29, 52, 53, 123). This allosteric activation mechanism is perhaps best summarized by the model of Horrigan and Aldrich (HA model; FIGURE 1A) (52); each tetrameric BK channel complex (138) has one ion conduction gate, the opening and closing processes of which are influenced by the status of the Ca 2ϩ sensors and voltage sensors, all in a reciprocal manner. That is, activation of the channel's voltage sensors by membrane depolarization increases the probability that the ion conduction gate is open (P o ), and, conversely, opening of the ion conduction gate allows the voltage sensors to activate more easily with depolarization. Similarly, binding of Ca 2ϩ to the Ca 2ϩ sensors of the channel increases the probability that the ion conduction gate is open, and opening of the gate in turn increases the affinity of the sensors to Ca 2ϩ . Finally, voltage-sensor activation also increases the Ca 2ϩ affinity, and Ca 2ϩ binding to the sensors, in turn, promotes voltage-sensor activation. The end result is that the probability that the ion conduction gate is open increases with greater concentrations of [Ca 2ϩ ] i and/or depolarization (FIGURE 1B). Although the HA model omits some aspects of the channel gating (see Refs. 26, 130) , the general concept is well supported by the experimental evidence, and the model has proven to be immensely useful as the conceptual framework to appreciate and analyze BK channel gating, for example, in studies of various auxiliary subunits, critical amino-acid residues, and modulators. Additionally, the formulation of the HA model largely reflects the physical organization of the BK channel protein, incorporating the consensus notion that proteins including the BK channel are made in a modular manner, whereby separate structural domains make distinct functional contributions, which are propagated through interdomain allosteric interactions. For more discussion on allosteric coupling in BK channels and other ion channels, interested readers are referred to Horrigan (50), Chowdhury and Chanda (25), and Sigg (142) .
A few important corollaries of the allosteric gating mechanism are noteworthy. 
Snapshots of the BK Channel Structure
One functional BK channel is composed of four Slo1 polypeptides (138) , each of which is typically ϳ1,100 residues long and most certainly forms multiple transmembrane segments connected by extracellular and intracellular loops (FIGURE 1C). In addition to the transmembrane helices S1-S6, which are found in voltage-dependent K ϩ (K V ) channels, an additional transmembrane segment (S0) exists in Slo1 so that its NH 2 terminus faces the extracellular side (94, 160). The NH 2 -terminal and transmembrane areas include only one-third of the total amino-acid residues, and the remainder makes up the cytoplasmic COOH-terminal domain, which is structurally organized into two tandem RCK (regulator of conductance for K ϩ )
domains (RCK1 and RCK2). Despite their modest amino-acid sequence similarity (37), RCK1 and RCK2 exhibit a marked degree of three-dimensional structural similarity (172, 183, 184 ) (see below). It is conventionally thought that each RCK domain harbors its own micromolar-affinity Ca 2ϩ sensing area: the RCK1 Ca 2ϩ sensor (175, 185 ) and the RCK2 Ca 2ϩ sensor (186), the latter of which is often referred to as the "Ca 2ϩ bowl" (133) . A short stretch of ϳ20 residues connects the transmembrane helix S6 and RCK1 (S6-RCK1 linker), whereas ϳ100 or more residues bridge RCK1 and RCK2 (RCK1-RCK2 linker). Several splice variants that differ in the S6-RCK1 linker, the RCK1-RCK2 linker, and/or the distal COOH-terminal areas are known (125) . An experimentally determined atomic structure of the transmembrane domain of the BK channel is ] i . The graphs are for an illustrative purpose only. C: a schematic organization of one pore-forming Slo1 (␣) polypeptide. Not drawn to scale. Of ϳ1,100 residues found in a typical Slo1 polypeptide, only ϳ320 residues are in the NH 2 terminus through S6. D: a plausible three-dimensional structural organization of a human Slo1 BK channel. The probable Ca 2ϩ sensor locations are indicated by the two arrows. The transmembrane domain is a homology model based on a structure of a voltage-gated K ϩ channel (PDB 2R9R), and the cytoplasmic domain is from PDB 3NAF obtained in the absence of added Ca 2ϩ but without any Ca 2ϩ chelator. The transmembrane segment S0 is not shown since the K v channel lacks S0. The image was rendered in MacPyMol version 0.99. The spacing between the transmembrane domain and the cytoplasmic domain is only approximate. The transmembrane domain at right is made semi-transparent to better illustrate the gating ring domain. not yet available. However, homology models have been constructed using the atomic structure of the K v 1.2/2.1 chimeric channel (85) as the template for the S1-S4 voltage sensor domain (VSD) and the bacterial Ca 2ϩ -dependent channel MthK (66) for the S5-P-S6 pore domain (FIGURES 1D AND 4B) (184). Although the details of such homology models must be interpreted with extreme caution (e.g., Ref. 194) , the overall size and shape of the transmembrane domain of the homology models are generally consistent with the image of the BK channel determined by electron cryomicroscopy (163) ; the transmembrane domain when viewed from the extracellular side has roughly a four-leaf clover shape with an overall diameter of ϳ10 nm. Four sets of S1-S4 protrude away from the central pore domain. Although the location of S0 cannot be inferred from the homology models, the cryomicroscopy study places it near the outer periphery of the protein (163) . Furthermore, studies utilizing disulfide cross-linking of engineered cysteine residues (80) and collisional fluorescence quenching (112) place S0 close to S3 and S4.
In the tetrameric BK channel, four pairs of RCK1-RCK2 domains assemble to form a large torusshaped cytoplasmic structure called the "gating ring," located intracellular to the transmembrane domain (FIGURE 1, C AND D) (172, 183, 184) . The transmembrane and gating ring domains are proximal enough for close reciprocal functional interactions (130, 181) . The exact distance and radial alignment between the transmembrane and cytoplasmic domains remain largely unknown, but some important preliminary information is now available from studies on the state-dependent effect of Mg 2ϩ (see Mg 2ϩ -Dependent Activation below) (181) . Recently, atomic structures of the cytoplasmic gating ring at resolutions of 3-3.6 Å obtained with different concentrations of Ca 2ϩ have been determined (172, 183, 184) . The outer diameter of the gating ring is ϳ15 nm, ϳ50% larger than that of the transmembrane domain, and the diameter of the central star-shaped hole in the gating ring is ϳ4 nm. Both the RCK1 and RCK2 Ca 2ϩ sensing sites are near the "top" of the gating ring domain, closer to the transmembrane domain (FIGURE 1D). Ca 2ϩ binding to these sensors has been postulated to cause a conformational change in the gating ring, particularly around the regions facing the transmembrane domain, leading to an increase in the probability that the ion conduction gate is open (183). The S6-RCK1 linker, the RCK1-RCK2 linker, and the distal COOH terminus are not structured well enough under the crystallization conditions to be resolved. As with atomic structures of many other proteins, the direct relevance of the available atomic structures to the physiological operation of the BK channel remains to be established. (152, 167) . Furthermore, Cys residues engineered at most positions in the BK S6 segment are very readily modified by a positively charged thiol modifier applied to the intracellular side even when the ion conduction gate is closed (194). A similar arrangement in which structural elements closer to the selectivity filter region serve as an ion conduction gate has been suggested for CNG channels allosterically activated by binding to cyclic nucleotides to the intracellular domain (35). Additionally, gating of TPRV1 channels activated by capsaicin and heat may also involve structural components near the selectivity filter (126) . The placement of the primary ion conduction gate closer to the selectivity filter region may be generally preferred in those six TM channels modulated by various ligands. The physical mechanism by which the ion conduction gate of the BK channel regulates ion flow remains obscure. Because the amino-acid residues near/in the selectivity filter region probably constitute the ion conduction gate in the BK channel, it has been speculated that gating of the BK channel may resemble "C-type inactivation" transitions of K v channels (167) , which probably involve alterations in the selectivity filter region (56, 76). The function of the ion conduction gate in the BK channel can be studied electrophysiologically in isolation in the absence of the allosteric influences from activation of its 
Voltage Sensors and Their Coupling to the Ion Conduction Gate
The closing and opening processes of the ion conduction gate in the pore domain are only modestly voltage dependent (52, 53), and the more robust voltage-dependent gating observed in the BK channel requires a separate domain specialized for voltage sensing. In the BK channel, the broadly conserved transmembrane helices S1-S4 (104) together with S0 constitute the voltage-sensor domain (VSD). Electrophysiological studies estimate that each VSD carries 0.6 voltage-sensing electronic charges or 2.4 charges/channel (51, 53), notably less than that in a typical K v channel (up to ϳ16 charges/channel as summarized in Ref. 65 ). The smaller number of voltage-sensing charges may allow each BK channel to operate in a wide dynamic range of membrane potential and respond in a finely graded manner under diverse conditions. Furthermore, the small gating charge is a critical factor in the large shift in the half-activation voltage of P o caused by increasing [Ca 2ϩ ] i (FIGURE 1B) (29).
In K v channels, S4 is considered the principal component in voltage sensing because it harbors nearly all voltage-sensing positively charged residues (14, 21, 65, 145, 151, 154) . At hyperpolarized potentials, the S4 positive charges are stabilized by negatively charged residues near the cytoplasmic side (114), resting or "down" state. Membrane depolarization favors an active or "up" conformation of this helix that repositions within the membrane electric field. Essentially, on depolarization, the S4 charges move outward, toward the extracellular side past an S2 hydrophobic residue where much of the membrane electrical field is narrowly focused, and then reestablish new electrostatic interactions with a different set of negatively charged residues in S2 and S3 at the extracellular side (65, 151, 159) .
Although a similar mechanism may be operative in the BK channel, two notable differences are readily recognized. First, although the S4 segment of the BK channel typically contains four positively charged Arg residues (equivalent to R0, R2, R3, and R4 in K v channels), only R4 (Arg213 in many mammalian Slo1) plays a measureable role in voltage sensing in the BK channel (86). R0, R2, and R3 may always reside out of the membrane electrical field in the extracellular compartment. Second, residues other than those in S4 contribute significantly to voltage sensing (86); thus the voltage-sensing charges in the BK channel are fewer and more "decentralized" than in the K v channel. Specifically, S2 harbors two voltage-sensing residues, Asp153 and Arg167, and an additional voltagesensing charge is located in S3 (Asp186) (86). This charge configuration results in complex relative motions occurring during voltage-dependent activation; fluorometry experiments with introduced collisional quenchers to report the relative rearrangements of assigned protein loci suggest that, upon depolarization, S4 diverges from S0, S1, and S2, while S2 approaches S1 (112, 113). Moreover, the motions of S2, brought about by the reorganization of its voltage-sensing charges in the membrane electrical field, enhance the voltage-sensing properties of S4 in a reciprocal and cooperative fashion because the neutralization of voltage-sensing charges in one segment impairs the voltage-dependent transition of the other (111). The cooperative interaction between the voltage-sensing S2 and S4 segments may be mediated in part through the water-filled crevices within the VSD (111), as better indicated in K v channels (65, 85). The VSD crevices in the BK channel may appear and disappear during VSD activation and deactivation, altering the dielectric characteristics and the electric field profile, as suggested for K v -type channels (20, 21), thus contributing to the observed voltage-dependent cooperativity between S2 and S4 (111). Alternatively or additionally, the observed cooperativity between S2 and S4 may involve mechanical interactions between the two segments. Although multiple voltage-sensing residues may exist at dispersed locations within the VSD, the kinetics of BK gating currents elicited by brief depolarization appear well approximated by a single exponential (51, 144).
The aforementioned positively and negatively charged residues in S2, S3, and S4 together contribute to the overall voltage dependence of the BK channel, affecting the steepness of the curve relating V m to the gate open probability [P o (V) curve; FIGURE 1B]. It is important to note that the steepness of the P o (V) curve is altered by many other variables besides the number of voltage-sensing charges, including the strength of coupling between the VSDs and the ion conduction gate (D in the HA model; FIGURE 1A).
S0, absent in K v channels, plays an important role in functional assembly of Slo1 with its auxiliary ␤ subunits (94, 160). In addition, S0 may also contribute to the VSD function because introduction of Trp residues to S0 alters the overall voltage dependence of channel activation (74) . In agreement with this possibility, studies examining the efficiency of disulfide bond formation suggest that the extracellular end of S0 is located in close proximity of voltage-sensing S3 and S4 (82, 169) . The proximity of S0 and S4 is also supported by the collisional quenching of small fluorophores conjugated to the extracellular flank of S0 (112).
In the absence of Ca 2ϩ and when the ion conduction gate is closed, the VSD of the BK channel is typically much more stable in the resting or down conformation, and very large depolarization is required to fully drive the VSD to the activated or "up" conformation; a VSD half-activation voltage of Ն140 mV (J in the HA model; see FIGURE 1A ) is commonly observed. The large depolarization required to activate the BK VSD may be contrasted with the observation that a typical K v channel VSD is half-activated at approximately Ϫ45 mV. However, binding of Ca 2ϩ to the BK channel dramatically biases the VSD equilibrium toward the activated conformation most probably through the sequential coupling of the Ca 2ϩ sensor to the ion conduction gate (C in the HA model; FIGURE 1A ) and then to the VSD (D in the HA model; FIGURE 1A ), moving the half-activation voltage of the BK VSD to the more physiological direction. The direct coupling between the Ca 2ϩ sensor and the VSD exists but it is much weaker (E in the HA model; FIGURE 1A) (52). For more details, interested readers are referred to Fig. 3 in Horrigan and Aldrich (52). In the K v channel, coupling between activation of the VSDs and opening of the ion conduction gate located at the S6 helical bundle (see above) is extremely tight such that activation of the VSDs almost always precedes opening of the ion conduction gate (131, 187) : opening of the ion conduction gate is obligatorily coupled with activation of the VSD. As already indicated, this is not the case in the BK channel; the ion conduction gate may open frequently enough to measure unitary current openings at extreme negative membrane potentials (less than Ϫ100 mV) where the VSDs are mostly at rest (see FIGURE 1B, BOTTOM) (52). A similar nonobligatory mechanism likely exists for hyperpolarization-activated cyclic nucleotide-gated channels, which possess a large intracellular ligand-binding domain (19).
Activation of BK VSDs increases the probability that the ion conduction gate is open. According to the HA model, activation of one VSD increases the gate open probability by the allosteric strength factor D, which is numerically estimated to be ϳ20 (52). Therefore, with the assumption that the VSDs operate independently, activation of all four VSDs increases the gate open probability by 20 4 ϭ 160,000. Experimentally, changes in coupling between VSD activation and the gate open probability are often seen as changes in steepness of P o -V curves at the membrane potentials where some VSDs may be activated; the weaker the coupling strength (i.e., smaller D values), the shallower the P o -V curve. However, it is important to note that a shallower P o -V curve does not exclusively denote a decrease in D. Changes in other aspects of the HA model can also alter the steepness, such as a change in the number of voltage-sensing charges (e.g., Ref. 86). Changes in steepness of P o -V curves have been observed with numerous mutations and modulators, some of which target the cytoplasmic gating ring domain (54), underscoring the intimate interaction between the transmembrane and cytoplasmic areas (181) . Exactly how the events in the gating ring domain alter the coupling between the VSDs and the gate located in the transmembrane segments remains to be elucidated fully.
In K v channels, the S4 -S5 linker segment appears to work as a necessary linkage mechanism connecting the VSD movement to opening of the ion conduction gate at the cytoplasmic ends of the four S6 segments (65, 85). In the BK channel, the structural correlates of the VSD-gate coupling mechanism have not been clearly revealed. The S6-RCK1 linker in the BK channel connecting the transmembrane and the gating ring domain may contribute to the VSD-gate coupling process. Mutational shortening of this linker segment in the absence of Ca 2ϩ shifts the P o -V curve to the negative direction, and lengthening of the linker shifts the curve to the positive direction without a noticeable change in their curve steepness (106). Whether these observations are caused by changes in coupling between the VSDs and the gate (i.e., D in the HA model), those in the VSD equilibrium (i.e., J in the HA model), and/or those in the intrinsic energetic stability of the ion conduction gate (i.e., L 0 in the HA model) remain to be studied in detail. Because the ion conduction gate of the BK channel may be located closer to the selectivity filter region, at least some of those residues located near/in the selectivity filter of the BK channel are probably capable of participating in the coupling process. For example, a Leu residue and a Phe residue located in the middle of S6, presumably cytoplasmic to the selectivity filter region, have been suggested to mediate the influences of VSD activation and Ca 2ϩ binding on the ion conduction gate equilibrium (171) .
Activation of the VSD is coupled reciprocally to opening of the ion conduction gate (D in the HA model; FIGURE 1) and to activation of the Ca (139, 140, 175, 189, 191) . Collectively, electrophysiological and mutagenesis results suggest that at least three functionally distinct divalent-cation sensors exist in the BK channel: 1) the high-affinity RCK1 Ca 2ϩ sensor in the cytoplasmic gating ring domain, 2) the high-affinity RCK2 Ca 2ϩ sensor (Ca 2ϩ bowl) also in the cytoplasmic gating ring domain, and 3) the low-affinity Mg 2ϩ sensor formed by both the RCK1 domain and the transmembrane domain (FIGURE 1C) (63, 133, 140 ion is coordinated by a variable number of electronegative oxygen atoms, typically six to eight, provided by the side chain carboxylate groups of aspartic and glutamic acids, backbone carboxyl groups, and nearby water molecules (69). Ligation of Ca 2ϩ is sometimes described as "loose" with a typical Ca-O distance of 2.3-2.6 Å (116). The coordination arrangement is well illustrated in binding of Ca 2ϩ in CaM (FIGURE 2A), perhaps the bestknown "EF hand" Ca 2ϩ -binding protein. A short loop segment (seven residues), very closely flanked by two helical segments, surrounds the bound Ca 2ϩ ion. The oxygen atoms of the side chains of Asp20, Asp22, Asp24, and Glu31 as well as the backbone carbonyl oxygen atom of Thr26 act as the ligands. In particular, Glu31 is a bidentate ligand in that both of the two side chain oxygen atoms interact with the Ca 2ϩ ion. The ion is also stabilized by one water molecule so that the total coordination number is 7.
Ca 2ϩ Sensors and the Gating Ring
RCK2 (Ca 2؉ bowl) sensor. Inspection of the amino-acid sequence of Slo1 (1) revealed the presence of five consecutive negatively charged Asp residues (Ca 2ϩ bowl) toward the COOH terminus of the protein and led to the idea that these residues may coordinate Ca 2ϩ and act as a Ca 2ϩ sensor linked to opening of the channel (133) . The Ca 2ϩ bowl sensor or the RCK2 Ca 2ϩ sensor is located in a longer loop segment (ϳ16 -20 residues) of the RCK2 domain near the subunit-subunit interface where Gln889, Asp892, Asp895, and Asp 897 (bidentate), neighboring residues in the primary structure, coordinate the central Ca 2ϩ ion (FIGURE 2B). The oxygen atoms, forming a coordination sphere of ϳ4.1 Å in diameter, are provided by the backbone carbonyl groups of Gln889 and Asp 892, and by the side chains of Asp895 and Asp897. Up to three water molecules may be bound to the ion so that the coordination number totals to 6 -8. In the absence of bound Ca 2ϩ (PDB ID 3NAF), the aforementioned Ca 2ϩ -coordinating oxygen atoms are much more dispersed in space (Ͼ8 Å apart), presumably because the electronegative oxygen atoms repel each other. It is these structural changes induced by Ca 2ϩ coordination starting in the Ca 2ϩ sensors that lead to experimentally detectable changes in the whole gating ring assembly (see below), culminating in dramatic stabilization of the open conformation of the ion conduction gate near the selectivity filter. The conformational changes in the purified RCK2 domain protein by physiological levels of Ca 2ϩ have been detected by circular dichroism (186). The apparent Ca 2ϩ dissociation constants for the RCK2 Ca 2ϩ sensor when the ion conduction gate is closed (K c ) and open (K o ) have been estimated electrophysiologically to be ϳ3.1 and ϳ0.88 M, respectively (146) . The ratio K c /K o ϭ 3.5 represents the allosteric interaction factor C in the HA model (FIGURE 1A), and the difference K o -K c represents the allosteric influence of the ion conduction gate on each RCK2 Ca 2ϩ sensor, corresponding to ϳ3 kJ/mol. This translates into a 3.5-fold (K c /K o ) increase in the probability that the ion conduction gate is open when one RCK2 sensor coordinates a Ca 2ϩ ion or an ϳ150-fold (3.5 4 ) increase in P o when all four RCK2 sensors are Ca 2ϩ bound (146 RCK1 domain (9, 175, 185, 189) . The consensus is that structural groups from at least three amino-acid residues, markedly noncontiguous in the primary structure, unlike in CaM or the RCK2 Ca 2ϩ sensor, participate in coordination of a Ca 2ϩ ion: Asp367 side chain (175, 189) , the Glu535 side chain (190), and Arg514 backbone (190) . A few water molecules are likely complexed with the Ca 2ϩ ion in the RCK1 sensor. In addition, Met513 may participate in formation of the RCK1 sensor (9); however, the structural details are not obvious because the carbonyl group of Met513 projects away from Asp367, Glu535, and Arg514 in the atomic structures (PDB IDs 3NAF, 3MT5, and 3U6N) . The Ca 2ϩ coordination arrangement of the RCK1 sensor may be proven to be different from those in the RCK2 sensor and CaM. Interestingly, the probable Ca 2ϩ -coordinating oxygen atoms of the RCK1 sensor are spatially further apart and more dispersed in the atomic structures of the gating ring domain, with Ca 2ϩ bound to the RCK2 sensors (3MT5 and 3U6N) than in that without any Ca 2ϩ bound (3NAF). This observation may be consistent with the suggestion that negative cooperativity may exist between the RCK1 and RCK2 sensors (Refs. 130, 146; but see Ref. 119). The critical role of the RCK1 sensor in the Ca 2ϩ -dependent activation mechanism has been highlighted by the discovery that a mutation of Asp369 (D369G), near the Ca 2ϩ -coordinating Asp367 in the RCK1 Ca 2ϩ sensor, is associated with human epilepsy and paroxysmal movement disorder (32).
The apparent Ca 2ϩ dissociation constants of the RCK1 sensor when the ion conduction gate is closed and open (K c and K o ) are electrophysiologically estimated to be ϳ23 and 4.9 M, respectively (146) . Comparing the estimated affinity values of the RCK1 and RCK2 sensors, greater concentrations of Ca 2ϩ are typically required to activate the RCK1 sensor than the RCK2 sensor. However, the allosteric coupling between the RCK1 sensor and the ion conduction gate is stronger than that between the RCK2 sensor and the gate (146 3U6N) ] reveal that they are discernibly different, suggesting that the gating ring domain motion does accompany opening of the ion conduction gate. In particular, Ca 2ϩ binding to the RCK2 sensors may change the conformation of the gating ring so that the layer of the gating ring domain immediately juxtapositional to the transmembrane segments opens up like the petals of a flower (FIGURE 3) (183). Presumably, it is the free energy change associated with these conformational changes in the cytoplasmic gating ring domain that ultimately promotes opening of the ion conduction gate near the transmembrane selectivity filter. It is important to remember, however, that the physiological relevance of these atomic structures remains to be established. Furthermore, the preferred allosteric "communication pathway," "allosteric trajectory" (124), or "conformational wave" (44) between the gating ring domain and the ion conduction gate, if it exists (49), is yet to be elucidated. The idea that the gating ring domain undergoes a measurable Ca 2ϩ -induced conformational change has been corroborated by spectroscopic studies of the isolated tetrameric gating ring domain in solution (64). Based on the diffusional properties of particles in solution, dynamic light scattering measurements show that Ca 2ϩ binding causes a reversible reduction of the hydrodynamic radius of the gating ring domain; the protein assumes a shape with a greater rate of diffusion (64). Furthermore, clear changes in both steady-state and time-resolved fluorescence of native Trp residues reporting their local environments are detected (64). Thus these solution-based biochemical studies have revealed that the gating ring possesses a dynamic structure capable of reversibly undergoing shape alterations in response to changes in [Ca 2ϩ ] i . Unfortunately, these changes cannot be readily related to the available atomic structures because of the significant differences in the experimental conditions utilized in the studies.
Are the RCK1 and RCK2 Ca 2؉ sensors functionally similar? Both the RCK1 and RCK2 Ca 2ϩ sensor sites are located near the outer radial edge of the gating ring domain (FIGURE 1). The two sensors appear to face toward the internal surface of the plasma membrane and are ϳ25 Å apart in each subunit. The exact manner by which the two sensors in one subunit functionally interact to regulate P o remains to be established (119, 130, 146) . As noted earlier, the two sensors do differ in their electrophysiologically estimated apparent Ca 2ϩ affinity values and their coupling to opening of the gate; Ca 2ϩ binds to the RCK2 sensor more tightly at negative membrane potentials (146 physiological signaling molecule (38), and promote BK channel activation (58).
Mg 2ϩ -Dependent Activation
Elevations of [Ca 2ϩ ] i to 100 nM to 100 M, sensed by the RCK1 and RCK2 sensors (see above), increase the probability of gate opening in the BK channel. Greater concentrations of Ca 2ϩ as well as of select divalent cations such as Mg 2ϩ (Ͼ1 mM) produce additional activation. This "low-affinity" response is often referred to as Mg 2ϩ -dependent activation because the underlying mechanism has been studied primarily with Mg 2ϩ (139, 140, 175, 189, 191) . The low-affinity (Mg 2ϩ -dependent) activation and the high-affinity (Ca 2ϩ -dependent) activation processes are electrophysiologically different, reflecting their distinct molecular mechanisms (55, 180). For example, in the absence of VSD activation at very negative voltages, Ca 2ϩ is capable of increasing P o , reflecting the direct allosteric coupling of the Ca 2ϩ sensors and the ion conduction gate (see FIGURE 1) . However, under such a condition, Mg 2ϩ (10 mM) is without effect, and the Mg 2ϩ -dependent increase in P o becomes evident only at more depolarized voltages at which VSD activation is significant (55). Furthermore, it is not the membrane depolarization itself that is required for Mg 2ϩ to increase P o but rather VSD activation (23, 55).
In aqueous solution, Mg 2ϩ , with a small ionic radius of 0.65 Å, is surrounded by six water molecules arranged in an octahedral configuration (116). In proteins, oxygen atoms from amino acids, in a monodentate fashion, and nearby water molecules coordinate Mg 2ϩ so that the total coordination number is 6, forming a coordination sphere smaller than that for Ca 2ϩ (116). In the BK channel, the Mg 2ϩ -coordinating oxygen atoms are provided by the amino-acid residues from both the transmembrane domain containing the VSD and the intracellular RCK1 domain. More specifically, Asp99 in the intracellular S0 -S1 loop, Asn172 in the S2-S3 loop, and Glu374 and Glu399 in the RCK1 domain are probable Mg 2ϩ ligands (140, 175, 179, 180) , leaving room for two water molecules to participate.
The Mg 2ϩ coordination mechanism in the BK channel, where the oxygen atoms provided by the residues from the VSDs and those from the cytoplasmic gating ring domain sandwiching Mg 2ϩ between them, nicely explains the observation that the Mg 2ϩ action requires VSD activation (23, 55). Studies utilizing gating current measurements show that Mg 2ϩ coordinated in the interdomain space and the voltage-sensing residue Arg213 in S4 lead to an electrostatic repulsion between them, stabilizing the activated or "up" state of the VSD when the ion conduction gate is open (55, 62, 180).
Mg
2ϩ may be thus considered as a modulator of the allosteric coupling strength between the VSD and the ion conduction gate ("D" in the HA model; FIGURE 1) (55). Collectively, the information gained from studies of Mg 2ϩ -dependent activation of BK channels has provided valuable insights and implications about the structural dynamics of the BK channel. For example, because the Mg-O distance is typically ϳ2.0 -2.1 Å (116), the Mg 2ϩ coordination arrangement described above suggests that the VSDs and the RCK1 domains are within a few Angstroms of each other under certain conditions, for instance, when Mg 2ϩ ions are bound. The statedependent apposition of the transmembrane VSDs and the cytoplasmic gating ring domain may also explain the observations that some BK channel modulators, such as free heme (150), bind to the gating ring domain yet influence aspects of the VSD function (54).
The physiological role of Mg 2ϩ -dependent activation of the BK channel is yet to be fully revealed. Some pathophysiological relevance is suggested by the finding that ethanol, at the concentrations induced by binge drinking, lowers the intracellular Mg 2ϩ concentration (3, 4) . The lack of tonic Mg 2ϩ -dependent activation of BK channels in vascular smooth muscle cells may contribute to ethanolinduced cerebrovasospasm and ischemia (4). It may be noted, however, that ethanol exerts multiple effects on BK channels including a direct activation action (83, 84) .
Contributions by Auxiliary Subunits
Native BK channels are extremely diverse in their pharmacological and gating characteristics. For example, some neuronal BK channels are potently inhibited by the peptide neurotoxin charybdotoxin at Յ10 nM, whereas others are virtually unaffected (120). Some BK channels open very frequently at negative resting potentials, whereas others require appreciable depolarization (39, 153). Some BK currents also show prominent inactivation (173) . This remarkable diversity is conferred in part by coassembly of pore-forming Slo1 (␣) subunits with various auxiliary subunits (170, 176) . To date, two vertebrate families of auxiliary subunits, ␤ and ␥, have been identified (FIGURE 4A) (170, 176) . Four ␤-subunits, ␤1 (coded by the gene KCNMB1), ␤2 (KCNMB2), ␤3 (KCNMB3), and ␤4 (KCNMB4), are known (11, 17, 156, 161, 165, 170, 174) . The ␤3 transcript is alternatively spliced to produce at least four different variants (␤3a, b, c, and d) (156) . The ␥-subunit family has only recently been discovered and may potentially represent a large group of leucine-rich repeat-containing (LRRC) proteins (2, 176, 177) that are structurally and functionally distinct from ␤-subunits. Expression of both ␤-and ␥-subunits is tissue dependent, albeit overlapping and not mutually exclusive. Although skeletal muscle cells do not have an appreciable level of expression of any ␤, smooth muscle cells predominantly express Slo1 ϩ ␤1 (18, 148). Slo1 ϩ ␤4 channels are readily found in neuronal and endocrine cells (11, 17). Inclusion of ␤1-subunits can dramatically modify pharmacological sensitivities of the channel complexes (70, 90, 158), including their toxin sensitivity (95). The ␤-subunits are also capable of regulating functional consequences of mutations and modulatory phenomena originating within the pore-forming subunit Slo1 (77, 128, 157, 182) . For example, the functional impact of the epilepsy-/dyskinesia-causing mutation D369G depends on the ␤-subunit (77) . Changes in the auxiliary subunit composition of BK channel complexes may be involved in some diseases states (5, 192) . Invertebrates such as Drosophila do not appear to possess ␤-like subunits, but instead they maintain their own sets of proteins that interact with the pore-forming subunits in a different manner (132) .
␤-Subunits
Atomic structures of ␤-subunits are not yet known; however, available studies collectively show that the ␤-subunit is a glycosylated two transmembrane (TM1 and TM2) protein, 170-280 residues in length, with its NH 2 and COOH termini facing the intracellular side (FIGURE 4A) (72, 73) . The amino-acid sequences in TM1 and TM2 of the four ␤-subunits show a relatively high degree of similarity, whereas they are more diverse in the NH 2 terminus, the extracellular linker, and the COOH terminus. Up to four ␤-subunits are present within a tetrameric Slo1 complex (73, 164). Multiple lines of evidence suggest that, at the extracellular side, TM1 of one ␤-subunit faces S1 and S2, components of the VSD (see above), of one Slo1 subunit, and TM2 faces S0 of a neighboring Slo1 subunit (FIGURE 4B) (80, 98, 168, 169) .
Inclusion of ␤-subunits in BK complexes markedly alters their gating characteristics. Perhaps the most readily observable modification is the inactivation process induced by ␤2-and some ␤3-subunits. Although ionic currents through the channels made of pore-forming Slo1 subunits alone do not exhibit any inactivation, coexpression with ␤2 or select ␤3 induces inactivation mediated by the NH 2 terminus of the auxiliary subunit (161, 174) . It should be noted, however, that this ␤2-/␤3-induced inactivation in BK channels is in many ways distinct from N-type inactivation in Shaker/K v channels (42, 129) and is not associated with immobilization of the voltage-sensing charges (42, 129).
Activation [Ca 2ϩ ] i are markedly slower than those through Slo1 without any auxiliary subunits (Slo1). In addition, functional consequences of Ca 2ϩ binding in Slo1 ϩ ␤1, Slo1 ϩ ␤2⌬N, and Slo1 ϩ ␤4 channels are greater than that of Slo1 alone (7, 105, 107, 147, 162) . In Slo1 alone, saturating concentrations of Ca 2ϩ (100 -300 M) shift the half-activation voltage of macroscopic ionic currents from Ն150 mV to Ͻ0 mV (FIGURE 1B). With ␤1, the shift is ϳ30% greater, bringing the halfactivation voltage to Ϫ100 mV or less (7, 107, 147). With ␤2⌬N, the half-activation voltage is also Ϫ100 mV or less (107) and with ␤4 it is about Ϫ50 mV (162) . These gating changes and others by ␤1, ␤2⌬N, and ␤4 have been subjected to analyses to estimate the values of the parameters of the HA model (7, 107, 162). Unfortunately, however, the analysis results are somewhat divergent. One potential reason for the perplexing findings may be that the experimental results failed to constrain the parameter values sufficiently. Yet another is that, despite the similarity in the overall structural organization noted above, different ␤-subunits may exert very distinct modulatory influences (7, 107, 162). In human Slo1 ϩ human ␤1, human Slo1 ϩ human ␤2⌬N, and mouse Slo1 ϩ mouse ␤4, the closed conformation of the ion conduction gate is Ͼ10 times more stable than that in Slo1 alone; the value of L 0 in the HA model is appreciably smaller (but see Ref. 7). In these Slo1 ϩ ␤ complexes, noticeably fewer openings are observed at negative
FIGURE 4. Auxiliary subunits of Slo1
A: schematic organizations of prototypical ␤ and ␥ (LRRC) subunits. Not drawn to scale. B: probable relative positions of Slo1 and ␤ subunits viewed from the extracellular side. The Slo1 transmembrane structure is based on a homology model. Each Slo1 (␣) subunit consists of seven transmembrane helices, of which S0 -S4 make up a voltage-sensing domain (VSD, green), whereas S5-S6 (green) contribute to the central, the K ϩ -selective pore (a conducting K ϩ is shown in red). Auxiliary ␤ subunits possess two transmembrane (TM) helices (black), of which TM2 associates with ␣ subunit S0, whereas TM1 associates with S1 of a neighboring ␣ subunit (80) . S0, TM1, and TM2 were constructed as ideal ␣ helices and positioned according to Liu et al. (80) . The dashed circle represents the size of the cytoplasmic gating ring domain (ϳ15 nm in diameter).
voltages without Ca 2ϩ than in Slo1 alone (107, 162). In addition, in the presence of ␤1, ␤2⌬N, or ␤4, the activated state of the VSD is stabilized by various degrees (7, 26, 107, 129, 162) . More focused studies, examining subsets of the transitions within the HA model, suggest that the presence of ␤1 alters the two Ca 2ϩ sensors of the channel differentially (147). As noted earlier, the RCK1 Ca 2ϩ sensor has a lower affinity than the RCK2 Ca 2ϩ bowl sensor, but its coupling to the ion conduction gate is approximately two times stronger. With ␤1, the K d value of the RCK1 Ca 2ϩ sensor when the gate is open (K o ) decreases by fourfold (i.e., affinity is higher) to a level similar to that of the RCK2 Ca 2ϩ bowl sensor and increases the coupling strength (C in the HA model) by fourfold. The RCK2 Ca 2ϩ bowl sensor is less affected by ␤1; the K d value when the gate is closed (K c ) increases by approximately two to threefold and the enhancement in coupling strength is approximately twofold. Therefore, the RCK1 Ca 2ϩ sensor contributes more prominently to the increase in the overall Ca 2ϩ sensitivity seen in Slo1 ϩ ␤1 channels. A qualitatively similar increase in coupling between the Ca 2ϩ sensors and the ion conduction gate is reported for Slo1 ϩ ␤4 (162) . The characteristic slowing of the activation and deactivation kinetics of ionic currents at low [Ca 2ϩ ] i when ␤1, ␤2⌬N, or ␤4 is present is not accompanied by appreciable slowing of "on" or "off" gating charge movements, which predominantly reflect the kinetics of the VSD (7, 26). Therefore, the slower ionic currents in Slo1 ϩ ␤1, Slo1 ϩ ␤2⌬N, and Slo1 ϩ ␤4 are probably caused by changes in the kinetics of the ion conduction gate.
␥-Subunits
Frequent BK channel openings at negative resting membrane potentials were once interpreted to signify a high level of [Ca 2ϩ ] i . This conventional thinking was shattered by the recordings from rodent cochlear hair cells (153) and also from prostate and breast cancer cells (39); some BK channels do open without much Ca 2ϩ at negative voltages. In the aforementioned cancer cells, this characteristic is conferred by LRRC26, the founding member of the ␥-subunit family (177) . At the plasma membrane surface, LRRC26 (␥1) possess a single transmembrane segment with a large extracellular NH 2 -terminal domain containing five leucine-rich repeat motifs (FIGURE 1A) (177) . Overexpression of LRRC26 (␥1) shifts the half-activation voltage of macroscopic ionic currents without Ca 2ϩ from Ͼ160 to ϳ0 mV, similar to that caused by 100 M [Ca 2ϩ ] i ! This remarkable shift in the overall voltage dependence of activation is caused by a 20-fold increase in the strength of coupling between the VSD and the ion conduction gate (D in the HA model). LRRC26 (␥1) is only one of several LRRC proteins that could function as BK channel auxiliary subunits in a tissue-dependent manner (2, 176) ; different LRRC proteins appear to influence the BK channel function to different degrees (176) . The stoichiometry between Slo1 and ␥-subunits in native channel complexes is not known. LRRC proteins are capable of interacting with other ion channels; for example, LRRC52 markedly modifies functional properties of Slo3 channels (178) , which are activated by alkalization and are critical for fertility (134) .
Physicochemical Mechanisms of Regulation by ␤-and ␥-Subunits
Multiple regions of Slo1 and ␤-subunits have been implicated in proper functional coassembly between them: Slo1 transmembrane domain (78, 94, 99, 160) , Slo1 cytoplasmic gating ring domain (78, 118) , ␤ extracellular linker (46), and ␤ NH 2 -and COOH-terminal intracellular regions (108, 188). However, the exact physicochemical mechanisms by which the ␤-subunits induce the various functional changes remain unresolved. The probable location of the ␤-subunit [between two adjacent VSDs (FIGURE 4B)] suggests that the ␤-subunit may influence the VSD energetics (26) through direct interactions and/or indirectly via membrane lipids. How the behavior of the ion conduction gate, most likely located near the selectivity filter within the central pore domain, is influenced by the ␤-subunits near the periphery of the channel complex is unclear. The physicochemical mechanism underlying the remarkable effect of LRRC26 (␥1) is also obscure. The functional effects of ␤1 and LRRC26 (␥1) compete, suggesting that LRRC26 (␥1) subunit positions itself between two VSDs near the central pore domain, like ␤-subunits, to alter the coupling between the VSD and the gate (177 
Concluding Remarks
The BK channel is an exemplar model of allosteric regulation of ion channel proteins. The modular components of the BK channel are each capable of activation in response to a specific energy type: the membrane potential and chemical potential of Ca 2ϩ and other ligands. The VSD and gating ring are sensors and transducers that detect and propagate the signals to the "active site" of the protein, namely the ion selectivity filter and its associated gate. These remarkable features, together with the unusually large unitary conductance, allow the channel to participate in numerous physiological functions. Ⅲ
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